We report the unique depiction of brown adipose tissue (BAT) by magnetic resonance imaging (MRI) and computed tomography (CT) in a human 3-month-old infant. Based on cellular differences between BAT and more lipid-rich white adipose tissue (WAT), chemical-shift MRI and CT were both capable of generating distinct signal contrasts between the two tissues and against surrounding anatomy, utilizing fat-signal fraction metrics in the former and x-ray attenuation values in the latter. While numerous BAT imaging experiments have been performed previously in rodents, the identification of BAT in humans has only recently been described with fusion positron emission and computed tomography in adults. The imaging of BAT in children has not been widely reported and, furthermore, MRI of human BAT in general has not been demonstrated. In the present work, large bilateral supraclavicular BAT depots were clearly visualized with MRI and CT. Tissue identity was subsequently confirmed by histology. BAT has important implications in regulating energy metabolism and nonshivering thermogenesis and has the potential to combat the onset of weight gain and the development of obesity. Current findings suggest that BAT is present in significant amounts in children and that MRI and CT can differentiate BAT from WAT based on intrinsic tissue properties.
RECENT FINDINGS of metabolically active brown adipose tissue (BAT) in adult humans by fusion positron emission and computed tomography (PET/CT) have reinvigorated research toward the tissue's role in energy metabolism and its potential to counteract weight gain and development of obesity (1) (2) (3) . In contrast to white adipose tissue (WAT), which functions to store fat, BAT is responsible for nonshivering thermogenesis that is facilitated by a special uncoupling protein (UCP-1). BAT is also highly vascularized, rich in mitochondria, innervated by the sympathetic nervous system, and can be metabolically active. WAT is characterized by adipocytes that contain a single large intracellular lipid droplet, a peripherally located nucleus, limited cytoplasm, and very little intracellular and extracellular water. In comparison, BAT adipocytes are generally smaller in size, contain multiple intracellular lipid droplets, a centrally located nucleus, greater cytoplasm volume replete with mitochondria organelles, and more intracellular and extracellular water (4) (5) (6) (7) .
While PET/CT has provided the ability to visualize BAT, the technique has key limitations. First, it is restricted to oncology patients and is not applicable to the general population, particularly children, due to significant radiation exposures and ethical restrictions. Second, PET/CT can only detect metabolically active BAT that uptakes the injected radionuclide tracer. Metabolically inactive BAT is not observed. The past literature has shown that the prevalence of BAT in children is significantly greater than in adults (8) (9) (10) . Therefore, the development of alternative techniques to identify and quantify BAT in pediatric populations is critically needed to advance our knowledge of the tissue's physiological role.
Magnetic resonance imaging (MRI) represents the most promising modality to address the limitations of PET/CT. It involves no ionizing radiation and requires no radionuclides. It can be safely implemented with minimal risk in healthy children and adults. Over the past few years, several works have investigated the feasibility of detecting BAT in rodents by exploiting the intrinsic cellular differences between BAT and WAT to generate signal contrasts based on fat-signal fraction from chemical-shift MRI (11), T1 relaxation (12) , and intermolecular zero-quantum coherence spectroscopy (13) .
In this work we report the unequivocal identification of metabolically inactive BAT in a 3-month-old human infant body by MRI and independently by CT. Furthermore, the tissue's identity was confirmed by postmortem histology. While T1-and T2-weighted MRI and CT examination of BAT in a newborn have been reported in a previous case study (14) , the present work provides additional corroboration of the tissue's identity by histology. Utilizing fat-water chemical-shift MRI and CT, we demonstrate in this patient that the difference in cellular water and fat content between BAT and WAT lends to unique complementary signal contrasts between the two tissues, based on fat-signal fraction in the former (11) , and x-ray tissue attenuation (eg, Hounsfield Units [HUs]) in the latter (15) . Namely, BAT has a lower fat-signal fraction than WAT as observed on chemical-shift MRI, and BAT has more positive x-ray attenuation HUs than WAT as observed on CT. The basis of these signal contrasts has been previously explained in detail in the cited references.
MATERIALS AND METHODS
The protocol for this study was approved by the Institutional Review Board of Children's Hospital Los Angeles, where the imaging and postmortem examinations were performed. This 95-day-old, full-term female infant developed severe respiratory distress a few hours after birth. Due to the severity of the respiratory distress and persistent pulmonary hypertension, the patient was placed on extracorporeal membrane oxygenation at 1 month of age. The diagnosis of alveolar capillary dysplasia was suspected when the patient did not respond to treatment and progressive dilatation of the right ventricle was depicted by echocardiography. A FOXF1 heterozygous genetic mutation was detected and supported the primary diagnosis of alveolar capillary dysplasia, which was confirmed at autopsy.
Within 48 hours after the patient was pronounced dead, MRI, CT, and tissue biopsy procedures were performed. First, MRI was implemented on a 3 T whole-body human platform (Achieva, R2.6.3, Philips Healthcare, Cleveland, OH). The infant's head, neck, chest, and thorax regions were placed inside an eightchannel head coil. The body was not frozen and was imaged at a room (MRI suite) temperature of %22 C. A chemical-shift two-point 3D spoiled gradient echo pulse sequence from the vendor was utilized (16) . Imaging parameters for the coronal acquisition were: TR ¼ 3.9 msec, TE1/TE2 ¼ 1.4/2.5 msec, full echoes, Cartesian acquisition, flip angle ¼ 5 , field of view (FOV) ¼ 35 cm (superior/inferior) and 17.5 cm (right/ left), 350 Â 350 acquisition matrix, 2 mm overlapping slices (reconstructed to 1 mm), number of averages ¼ 2, no parallel imaging acceleration, and bandwidth ¼ 1.3 kHz/pixel. For 100 slices (10-cm effective coverage), the acquisition time was 68 seconds and the reconstructed spatial resolution was 1 mm isotropic. Fat-only, water-only, and fat-signal fraction maps (fat / (fat þ water)) were generated for the acquired 3D volume (17) .
A subsequent CT exam was performed on a wholebody human platform (LightSpeed QX, R10.5, General Electric Healthcare, Waukesha, WI). Acquisition mode was helical and imaging parameters were: kVp ¼ 120 V, 160 axial slices of 2.5 mm thickness, and an inplane resolution of 0.54 mm. The acquisition time was %1 minute.
Supraclavicular BAT depots visually identified on MRI and CT images were presented to two pathologists. After reviewing the images together with the radiologist involved in this work, the pathologists were instructed to extract two tissue samples from the sites of interest, one from the left and one from the right supraclavicular BAT depots. The biopsies were taken from the anterior deep soft tissue pad bound by the trapezius muscle posteriorly, the sternocleidomastoid muscle medially, and the clavicle inferiorly. The radiologist was present at the time of biopsy to verify tissue location. Extracted samples were fixed in formalin, embedded in paraffin, and stained with hematoxylin and eosin for visual analysis under a microscope.
Image postprocessing was performed with SliceOmatic segmentation software (Tomovision, QB, Canada). Fat-signal fraction and HU measures were computed after segmenting across all coronal (MRI) and axial (CT) slices that encompassed the bilateral supraclavicular BAT depots. The total volume of supraclavicular BAT was also measured.
RESULTS
From MRI data, a total volume of 17.4 mL of supraclavicular BAT was determined. Analysis of the CT data yielded 16.9 mL. Figure 1a illustrates native coronal (top row) and reformatted axial (bottom row) images of the neck and chest from chemical-shift MRI. Complementary fat-only and water-only images are shown in the first and second columns, respectively, along with the corresponding colorized fat-signal fraction map in the third column. Arrowheads in the fat-only image point to the layer of lipid-rich subcutaneous WAT, which exhibits strong signal intensity. On the corresponding water-only image, WAT is expectedly dark and devoid of signal. In the fat-signal fraction map, red coloring (>90%) of the WAT region confirms that the tissue is predominantly composed of lipids. In contrast, arrows in the fat-only image point to evident bilateral BAT depots, adjacent to the scapula and clavical. Note that the BAT depots exhibit intermediate gray signal intensities and are visible on both the fat and water images. It is hypointense to that of WAT in the fat-only image and oppositely hyperintense to that of WAT in the water-only image. Blue, green, and yellow representations of these regions in the fat-signal fraction map suggest a lower fat-to-water ratio than WAT. Based on segmentations of the MRI data, the average fat-signal fraction across the entire bilateral supraclavicular BAT depots was 41.9 6 6.25%. Figure 1b illustrates anatomically matching CT images shown on a colormap of HUs, a measure of xray attenuation and a reflection of a tissue's apparent density. Note that the subcutaneous WAT layer is represented in purple, in the range of À60 to À100 HUs. In contrast, the bilateral BAT depots are distinctly visible in shades of green and blue, suggestive of greater water content and tissue density and more positive HUs. Note that BAT HUs values remain negative, indicative of fat content. Based on segmentations of the CT data, the average value across the entire bilateral supraclavicular BAT depots was À20.76 6 3.37 HUs. On both MRI fat-signal fraction and CT HU data, note that the identified metabolically inactive BAT from this infant case occupies a signal range that is intermediate to WAT and surrounding musculature and that tissue signal contrast is visually recognizable. Figure 1c ,d illustrates corroborating histological specimens taken from the bilateral supraclavicular BAT depots. In the first sample, black arrowheads on the right side of the image point to large unilocular WAT adipocytes. In contrast, blue arrowheads point to multilocular BAT adipocytes that are highly perfused by capillaries (blue arrows). Note that multiple lipid vacuoles can be clearly identified within each BAT adipocyte, while only a single lipid vacuole can be observed in each of the WAT cells. Figure 1d shows a histology slide at 2-fold greater magnification of the second sample, where the multilocular characteristic of BAT is evident.
DISCUSSION
Utilizing independently chemical-shift MRI, CT, and histology, and presented with a unique opportunity, we have demonstrated the feasibility of imaging to identify metabolically inactive BAT based on intrinsic tissue properties in a 3-month-old human infant. The difference in appearance between BAT and WAT on both images and histology was marked. Currently, PET/CT remains the gold standard technique to examine metabolically active BAT and it has been used in many studies involving adult patients. In contrast, the number of BAT studies in pediatric patients has been few, due to the elevated risk of ionizing radiation and radionuclide tracer usage by PET/ CT. Furthermore, PET/CT exams are not permitted in healthy children. However, BAT has a significantly higher prevalence in children. Young cohorts thus represent an ideal population to further examine the potential relationships of BAT to muscle development, puberty, disease state, and the accumulation of WAT. Thus, MRI represents the most appropriate modality to overcome the limitations of PET/CT. The development of rapid, repeatable MRI techniques to characterize BAT is critically needed to advance our knowledge of this tissue's physiology.
In this patient, we specifically reviewed the neck region on both MRI and CT data for indications of BAT, as the supraclavicular depot has been reported in literature to be to the largest and most prominent and recognizable BAT site in both rodents and humans. While multiple other BAT sites exist within the underarm and mediastinum and around the spine and kidneys (18), we did not observe any evident MRI or CT imaging signatures suggestive of BAT in these areas in this infant. BAT often exists in small clusters of 50-100 cells surrounded by large numbers of white adipocytes and have also been shown to contain lipid vacuoles of varying sizes (6) . Despite the high spatial resolution employed in this work, accurate detection of very small BAT depots (eg, a few groups of isolated cells) without confounding errors from volume averaging remains challenging. The lack of observation on the imaging data of BAT at locations other than the prominent supraclavicular region does not necessarily imply that the tissue was nonexistent in this infant at those locations. However, it does raise the possibility that current imaging techniques alone are not yet sensitive enough to detect isolated colonies of BAT.
One limitation of this work was that for chemicalshift MRI we did not employ the most accurate sequence and approach to compute fat-signal fraction. A plethora of recent work has shown that in order to accurately estimate the underlying tissue proton-density fat fraction, one must account for numerous confounding factors such as T1 bias, T2* relaxation, noise bias, and the multiple spectral peaks of fat (19) (20) (21) ). On our current clinical MRI system, the two-point 3D spoiled gradient echo technique was the only chemical-shift pulse sequence available from the manufacturer. While we attempted to minimize T1 bias by employing a small flip angle (19) , the manufacturer software employed only a single peak fat model in image reconstruction and did not account for additional T2* relaxation. Thus, while we recognize that the fat-signal fraction map shown in results does not accurately reflect the true underlying tissue proton-density fat fraction of BAT and WAT, we anticipate that the above confounding factors will have only a marginal and systematic effect on the fat-signal fraction. We nonetheless expect distinct differences in fatsignal fraction between BAT and WAT to exist, with BAT values less than that of WAT, had confounding factors been addressed (11).
We further recognize that chemical-shift MRI may lack the sensitivity and specificity as an independent method to adequately identify BAT in vivo, especially in cases where the tissue has a very low fat content (fat-signal fraction) or where a priori knowledge of tissue depot locations in the anatomy is not known or assumed. Prior literature has reported that BAT can have highly varying levels of intracellular fat content, reflecting the relative functional state of the tissue (22, 23) . When the tissue is metabolically inactive, fat content can be quite high and the tissue can exhibit a WAT-like appearance in both imaging and histology (24) . Conversely, the tissue can also exhibit nearly no fat content, representative of a metabolically depleted state. At these two extremes, we anticipate that chemical-shift MRI will have very low sensitivity in the identification of BAT and may thus not be the most suitable pulse sequence choice. To further complicate the matter, recent findings have also suggested that certain BAT cells can differentiate from WAT progenitors and exhibit an intermediate phenotype that satisfies both classical definitions of BAT and WAT (25, 26) . Thus, the detection limit of BAT by chemicalshift MRI remains to be investigated and the technique may likely serve as only one in a compilation of complementary pulse sequences that collectively will unambiguously identify and characterize BAT in vivo. Additionally, given that BAT imaging very likely requires submillimeter spatial resolution, the issue of adequate signal-to-noise ratio (SNR) from chemical-shift MRI or any other pulse sequence that yields BAT vs. WAT tissue contrast remains to be explored with appropriate protocols and coil arrays.
In the present work we employed an MRI protocol with two signal averages and no parallel imaging to achieve a scan time of %1 minute. Keeping spatial resolution and the number of slices constant, we have been testing a protocol for imaging live healthy adults with no signal averaging and 2-fold parallel imaging. Utilizing a 16-channel neurovascular coil array in lieu of the 8-channel head coil used in the current study for improved SNR, the resulting scan time was reduced to less than 20 seconds, within the breath-hold regime. However, in the region of suspected supraclavicular BAT depots, respiratory motion is not a major hindrance. In addition, we are further investigating a dedicated coil array and imaging setup for studies in live neonates and infants, in particular at 1.5 T.
Lastly, it must be recognized that the current imaging results were obtained from a postmortem body, and more critically in a patient with known disease. Our measured MRI fat-signal fractions of BAT can potentially be further confounded by unrelated tissue edema, lack of blood flow, a lowered body temperature, which causes deviations in the presumed fatwater chemical shift, and possible variations in local tissue T1 and T2 values, in comparison to a live healthy subject imaging scenario. The presence of edema and the lack of blood flow can similarly affect the apparent HU measures of BAT in CT. However, irrespective of these confounding factors, which are likely to introduce only a marginal yet systematic nominal bias in the fat-signal fraction and HU estimates of BAT and WAT, we expect there to exist in a majority of cases a fundamental difference in signal contrast (fat-signal fraction, tissue density) between functionally active BAT where fat is being metabolized and inert WAT, both in situ and in vivo.
In conclusion, the intrinsic cellular differences between BAT and WAT adipocytes give rise to distinctive and complementary signal contrasts between the two tissues in chemical-shift MRI and independently in CT.
Observations from this pediatric case study are consistent with previous literature findings in mice (11) and human adolescents (15) . This work supports nonionizing MRI as a suitable imaging modality to further study BAT on a large scale in healthy populations, especially in children, where BAT is more prevalent. Furthermore, MRI represents a promising alternative to current gold standard PET/CT. Many additional distinctive features of BAT are known but have not yet been explored indepth by MRI and MR spectroscopy. For example, BAT's immense vasculature lends itself potentially to wellestablished MRI perfusion techniques such as arterialspin-labeling that can quantify local blood flow. Techniques that are sensitive to T2* relaxation as a consequence of fluctuating levels of oxy-and deoxyhemoglobin in blood are being considered. Signal contrasts between BAT and WAT, such as diffusion, local tissue temperature (27) , and targeted molecular imaging of the mitochondria, have not been investigated and can possibly be combined with chemical-shift imaging. Lastly, recent advances in fusion PET/MR also holds promise as an adjunct tool for combined morphological and functional BAT imaging. Given that BAT appears to be a highly dynamic and elusive tissue that can exist in a variety of states and exhibit a wide spectrum of characteristics, it is becoming increasingly apparent with recent literature findings that more than one MRI pulse sequence or imaging approach is likely needed to positively identify the tissue in vivo.
